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The University of Michigan c a v i t a t  ion-erosion research 

program being conducted under WASA Grant XsG-39-80 is approxi- 

mately on t he  schedule described in t h e  S t a t u s  R e p o r t  for t h e  

period 1 Apri l ,  1962 to 31 Xarch, 1963 from t he  viewpoint of 

expended funds. However, it is an t i c ipa t ed  t h a t  t h e  time per- 

iod for the completion of t h e  present ly  folssean work NW be 

somewhat extended. Consequently it is not planned t o s u b m i t  a 

proposal for add i t iona l  funding a t  t h i s  time. However, it may , 
become desirable to  do so at a later date, perhaps for t he  next 

fiscal  year. 

\ 
'\ 

During t h i s  report period the work under t he  NASA gran t  

has  been s t rongly  complimented by an WSF grant w i t h  roughly 

p a r a l l e l  ob jec t ives .  Also a por t ion  of t h e  work previously 

considered as par t  of the NASA grant has been supported during 

t h i s  report per iod '  by con t rac t s  from B r a t t  and Whitney Aircraft 

and Atomic8 In te raa t iona l .  
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11, OVERALL UEIIVERSITY OF MICHIGAN 

CAVITATIOH~EROSION PROGRAM 

A .  General Object ives  

The program objec t ive  is to  assist the o v e r a l l  na t iona l  

c a v i t a t i o n  research effort i n  obtaining the  necessary l e v e l  of 

understanding and data to allow optimized designs of turboma- 

chinerp and other fluid-flow components from t h e  viewpoints of 

c a v i t a t i o n  performance and damage. Special emphasis in  t h e  

prersent p ro jec t  is to  be placed upon the  high-temperature l iquid-  

metal area ae applied to SNAP power p l an t s ,  etc. 

To a t t a i n  t h i s  objective, an experimental program, supple- 

mented by theoretical analyses  to  broaden the a p p l i c a b i l i t y  of 

the experimental r e s u l t s ,  us ing f l u i d s ,  materials, and flow 

parameters selected to  cover t h e  range of i n t e r e s t ,  but avoid- 

ing those combinat ions of f l u i d  and temperature condi t ions im- 

practical t o  a t t a i n  w i t h  t h e  r e l a t i v e l y  modest f a c i l i t y  l e v e l s  

ava i l ab le ,  is required.  The development of the f a c i l i t i e s  re- 

quired at the Universi ty  of Xichigan has  been e s s e n t i a l l y  com- 

pleted during this report period, and a s u b s t a n t i a l  port ion of 

the data taken. It appears tha t  t he  present  funding is adequate 

to complete the test program present ly  v isua l ized .  It is be- 

lieved tha t  the r eeu l t an t  data w i l l  be highly s i g n i f i c a n t  in 

detera in ing  the  i n t e r r e l a t i o n s  between f l u i d ,  material, and flow 

parameters, and cav i t a t ion  damage. 

F ina l  prototype tests of components i n  t h e  a c t u a l  environ- 

ment w i l l  no doubt Be  desirable, although these are extremely 
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expensive and limited i n  generality. Such testa are not a 

reasonable part of t h e  University of Michigan program. 

experimentation of reduced scope under condi t ions approaching 

HOWeVeC, 
0 

1 

those of prototype i n t e r e s t  may be desirable and practical. 

The cho;lcle e-, igirch cri t ical  experiments w i l l  be limited i n  

number and cost by i h e  more basic s t u d i e s  under more easily 

con t ro l l ab le  condi t ions which are p a r t  of t he  present  program. 

B. F a c i l i t i e s  Available 

The c a v i t a t i o n  facilities here a v a i l a b l e  developed under 

t h e  HASA and NSF grants have already been described in t he  lit- 

e r a t u r q  and hence w i l l  be merely summarized: nc 

1. Automated High-speed Water Tunnel - Capable of v e l o c i t i e s  

up to about 225 ft/sec. w i t h  water, w i t h  temperature up to  

about 30@F. ' h e l v e  damage specimens can be tested simul- 

taneously i n  four parallel  loops. Alternat ively one loop 

can be used for cav i t a t ion  performance tests w i t h  either 

the c y l i n d r i c a l  ventur i s  used i n  m o s t  previous tests, or 

a special two-dimensional ven tu r i  w i t h  ad jus tab le  throat 

opening. Deaereation and deionizat ion capab i l i t y  i s  in- 

cluded . 
Liquid Xetal Tunnel - Present ly  i n  use with mercury a t  

temperatures up to about SOOOF. Xaximum ve loc i ty  wi th  

mercury is about 65 ft./sec.; more wi th  a l igh ter  f l u i d .  

General design of loop is s u i t a b l e  for 1000°P t o  l20vF 

2. 

range 

* "Cavi ta t ion Damage and Performance Research F a c i l i t i e s " ,  F. 0.  
H a m m i t t ,  ASME Fluids Engineering Divis ion Conference, Phila. , 
Pa. 8 May, 1964, Symposium on Cavitat ion Research Faci l i t ies  
and Techniques pp. 175-184. 
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3, Vibratory Cavitation Facility - Capable of producing a 

total amplitude of about 3 m i l e  at 20 ICC in fluids ranging 

in  density up to mercury, and at temperatures up to about 

~ - i & i i a . t  temperature to about ~0 psig. 

0 

In 8ddition a fac i l i ty  for the atudy of hfgh-veloc5tp im- 

pact with liquid drops or rsolid particles is under development 

using a small-calibre rifle as the propelling mechanism. 
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111. PROGRESS DURING PRESENT REPORT PERIOD 

A. 0 e on 5u b-Pm- (Itemized in S t a t u s  Report, 
Apri l ,  1962 to 31 March, 1963, Sect ion 111) 

1. D a m a m t i . a a  in Water -1j.U i - A to ta l  of approxi- 

mately 15,000 spechen-hours was accrued during t h e  period. 

(About 3000 had been forecas t  for t h e  period).  The materials 

used include some chosen pr imar i ly  for t h e i r  technological  in- 

terest and others p r imar i ly  for t h e  combination of mechanical 

properties which t h e y  possess. S o m e  materials, of course,  

s a t i s f y  both c r i t e r i o n s .  

are : 

In t he  first and/or t h i r d  category 

i) Type 302 Stainless Steel 

ii) 1010 Carbon Steel 

iii) Refractory a l l o y s  

iv)  Aluminum alloys 

v)  P lex ig las  

and i n  t he  second category: 

I) Pure copper (three heat-treat condi t ions used) 

ii) Brass (70/30) (Three heat-treat condi t ions used) 

iil) Copper-Nickel (Three heat-treat condi t ions u8ed) 

iv) Pure n icke l  (Three heat-treat condi t ions used) 

The above materials (twelve i n  a l l  s i n c e  there are four  

materials wi th  three heat-treat condi t ions for each) were chosen 

so t h a t  the  effects of a s u b s t a n t i a l  v a r i a t i o n  of a s i n g l e  

property,  as gra in  size, tensile s t r eng th ,  s t r a in  energy t o  f a i l -  

rare, etc., could be examined whi l e  other properties remained 
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constant .  A l l  t he  materials are h ighly  resistent t o  corrosion 

i n  water, so that t h e  damage should be largely of mechanical 

origin. The eoppers and brasees have a l l  been tested to  100 

hours (adopted as a standard durat ion)  for various v e l o c i t i e s  

and degree8 of cav i t a t ion .  The copper-nickel aeries is i n  pro- 

m s  and the pure nicke l  y e t  to s t a r t  although specimens have 

been fabricated and heat-treated. 

perty tests on a l l  the appl icable  ma te r i a l s  is s u b s t a n t i a l l y  

coapplete, 

The necessary mechanical pro- 

Tests are cont inuing on t h e  var ious materials listed for 

The longest  durat ion so f a r  t h e  first and/or t h i r d  category. 

a t t a i n e d  is 300 hours on two sets of nine specimens. 

For a l l  damage specimens p i t  sizes and numbers are tabulated 

(as long as p i t s  remain d i s t i n c t ) ,  weight losses* are measured, 

photomicrographs" taken of i n t e r e s t i n g  p i t  configurat ions,  and 

s e c t i o n s  of pi t ted  areas from specimens for which the  cavi ta-  

t i o n  tests have been completed are made. 

2, Damage Test ing i n  Mercury Fac i l i t y  - A total  of approximately 

1400 specimen hours has been accrued during the  period. The 

temt program has emphasized the following aspects ,  u t i l i z i n g  302 

s t a i n l e s s  steel, carbon steel, Cb - 1 Z r  alloy, t w o  tantulum re- 

f r a c t o r y  a l l o y s ,  and Plexiglas:  

a. Continued tests of ''conventional'' upeclmens t o  eva lua te  

the  effects of long durat ion.  Longest dura t ion  set has  

now a t t a i n e d  800 hours. 

3 A d i g i t a l  read-out prec is ion  balance and a metallographic cam- 
era have been added t o  t h e  Laboratory equipment during t h i s  
report per iod . 



b. Tests of specimens held under varying t e n s i l e  loads 

during the  tests to  evaluate  i n  a preliminary fashion 

t h e  effects of pres t ress ing ,  and t o  determine the ef- 

fects upon gross mechanical p r o p e r t i e s  of a known mount  

of Cavi ta t ion  damage (since t h e  apeciaen design was 

such tha t  s t r e s s - s t r a i n  curves could be run a t  t h e  con- 

c lus ion  of t h e  tests). 

c. Tes t s  of r e f r a c t o r y  a l l o y s  to  determine t h e i r  r e l a t i v e  

r e s i s t e n c e  to  c a v i t a t i o n  danage a t  room temperature 

( p a r a l l e l  temts conducted in water f a c i l i t y )  

d. Development of pin-type specimen (he ld  ac ross  stream i n  

c a v i t a t i n g  d i f f u s o r  por t ion  of ventur i )  a s  an acceler- 

ated c a v i t a t i o n  device, and also t o  allow a more complete 

range of prestressed tests (as b. above where high de- 

grees of precoapression also a r e  included). 

e. Tests  w i t h  *'dry** vs. %et*' mercury. I t  was found t h a t  

t h e  mercury as used in a l l  previous tests included a 

trace of water - perhaps order  of 100 t o  1000 ppm. 

When t h e  water was almost e n t i r e l y  removed by heat ing 

it was found t h a t  t h e  damage rate was reduced by an or- 

der of magnitude and t h e  mercury "wet" t h e  s t a i n l e s s  

steel test specimens much more e f f e c t i v e l y ,  so tha t  it 

had to  be dr iven  off under heat and vacuum to  a t t a i n  a 

t r u e  weight measurement. It is felt tha t  t h i s  consider- 

able reduct ion i n  damage by t h e  removal of a small quan- 

t i t y  of water may hold 8 key t o  possible methods of 

damage inh ib i t i on .  A similar motivation applies t o  t h e  

precompression tests already mentioned. 
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f, Damage tests w i t h  mercury a t  5OO0F on s t a i n l e s s  steel  

pr imar i ly  t o  evaluate  effect of higher mercury vapor 

pressure,  (Considerable increase i n  damage rate for 

**dryw mercury from toom temperature to SSOOF was found). 

The necessary fab r i ca t ion ,  preparat ion,  and examination, of 

specimens has continued. Tested specimens a r e  a l l  pit-counted 

and weighed a t  intermediate stepso and photomicrographs and 

cross-aections taken where desirable. 

3. M 3  t 

a. I n s t a l l a t i o n  and Operation of High-Temperature Compon- 

e n t s  - A 50 hour damage test a t  5OO0F has been com- 

pleted as w e l l  a s  s eve ra l  other shorter runs  a t  temp- 

e r a t u r e s  up t o  about 5!50°F. Although it had been in- 

tended to  replace t h e  mercury with lead-bismuth a l l o y  

during t h i s  report period, it is now fe l t  t h a t  operation 

w i t h  high-temperature mercury is more use fu l  a t  present .  

b. Completion of runs w i t h  irradiated test specimens of 

s t a i n l e s s  steel and carbon steel in mercury, and of 

subsequent da t a  reduction. Report issued and paper de- 

l i ve red  on s u b j e c t  t o  ANS. 
* 

c .  Additional measurements of void f r a c t i o n  i n  c a v i t a t i n g  

f l o w  regimes in both water and mercury. Further  tests 

i n  water are contemplated t o  complete the  series. Bow- 

ever ,  an inter im report and ANS and also ASHE papers 

were presented. 

d. Fabr ica t ion  and i n i t i a l  t e s t i n g  of two-dimensional 

JS Delivered i n  June, 1964, subsequent t o  report period. 
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Plex ig la s  v e n t u r i  w i t h  throat  opening ad jus t ab le  be- 

tween 1/8" and 3/4** has been completed. Use is being 

made of t h i s  v e n t u r i  f o r  high-speed motion p i c t u r e  s tu -  

dies of bubble growth  and co l l apse  i n  a known f l o w  

regime. High-speed p i c tu re  c a p a b i l i t y  of t h i s  labor- 

a t o r y  has  been increased during t h e  report period by 

procurement of 

i) Edgerton-Germeshausen and G r i e r  Yodel 50 Eigh- 

Speed Stroboscope capable of producing 6000 re- 

p e t i t i v e  flashes per  second of about 1 .2  micro- 

second durat ion,  synchronized w i t h  a Fastax 

camera 

ii) Fastax (8  mm) high-speed motion p i c t u r e  camera 

capable of about 14,000 frames/sec., 

iii) Courtney-Pratt l e n t i c u l a r  l ens  high-speed motion 

p i c t u r e  camera capable of about 100,000 frames/sec, 

iv)  Miscellaneous i t e m s  ( including a Dynafax high- 

speed motion p i c t u r e  camera capable of about 

25,000 frames/sec.) which may be borrowed i f  re- 

quired from o the r  Universi ty  of Michigan Labora- 

tories. 

Continuous use of high-speed motion p i c t u r e  and still 

cameras has been made during report period for s t u d i e s  

of bubble growth and collapse both i n  mercury and water. 
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e, Theoretical analyses  of single-bubble growth and col- 

temperature, c a l i b r a t i o n  and measurement of amplitude, 

development of e l e c t r o n i c  amplitude read-out device, 

development of s u i t a b l e  specimen design, development 

and par t ia l  f ab r i ca t ion  of holder-vessel assembly for 
s__ 

4 Special  devices,  believed pa ten tab le ,  for  t h e  determination 0 of gas and water trace contents  i n  mercury have been developed. 

lapse considering a l l  "real f lu id"  v a r i a b l e s  as a Ph.D, 

t h e s i s ,  which should be completed before end of cal- 

endar year. 

f .  Scale effects s t u d i e s  i n  water and mercury c a v i t a t i n g  

ven tu r i s ,  Experiments t o  determine c a v i t a t i o n  number 

for var ious degrees of c a v i t a t i o n  a s  a funct ion of vel- 

o c i t y ,  size of ventur i ,  gas content ( water and mercury"), 

o t h e r  impurity effects as  for example water contamina- 

t i o n  i n  mercury temperature,, and prepressur iza t ion  (b 

h i s t o r y .  This work, w i t h  special emphasis on t h e  ef- 

fects of en t ra ined  gas, has been p r i m a r i l y  supported 

under a con t r ac t  w i t h  A t o m i c s  I n t e rna t iona l ,  and is 

being carried ou t  i n  par t ,  a s  a Ph.D. t hes i s .  

g. Detailed measurements of pressure along f aces  of cavi- 

t a t i o n  damage specimens as a func t ion  of ve loc i ty ,  ven- 

t u r i  coni  i gu ra t  ion (number of specimens and or ien ta-  

tion), degree of cav i t a t ion ,  etc. This work is being 

carried ou t  as a por t ion  of a Ph.D. thesis. 

h. Development of vibra tory  f a c i l i t y  (YPSF gran t ,  por t ion  

of a Ph.D. thesis). Cheek-out of t h e  u n i t  a t  l o w  
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high temperature ,, procurement and check-out of suit- 

able furnace complete. I t  is expected to  test  ident i -  

cal materials (as  f a r  a s  possible)  a s  used i n  t h e  tun- 

n e l  faci l i t ies  under the same f l u i d  and temperature 

Conditionm i n  t h e  v ibra tory  f a c i l i t y  thus  achieving a 

v a l i d  comparison between the  t w o  types of test. 

F i n a l l y ,  tests up t o  150OoF i n  lead-bismuth (a f l u i d  

q u i t e  similar t o  mercury,, but capable of high-temperature 

opera t ion  without p roh ib i t i ve  vapor pressure  problems) 

w i t h  s t a i n l e s s  steel,, carbon steel, and various refrac- 

tories (and perhaps other mater ia l s )  are planned. 

i. Publ ica t ion  and issuance of nunerous r e p o r t s o  papers,, 

articles, etc. (17 separate items as listed under - V 
- Project Publ icat ions) .  

j, Preliminary development of device t o  s tudy  high-velocity 

impacts of sol id  and l i q u i d  p a r t i c l e s ,  w i t h  p a r t i c u l a r  

attention to  the  poss ib le  aqpilogy to c a v i t a t i o n  damage, 

P i t s  c rea t ed  in a l l  these fashions w i l l  be examined i n  

de ta i l  t o  determine t h e i r  s i m i l a r i t i e s ,  and t h e  depen- 

dence of t h e i r  shape on r a t e  of leading, ete. (Ph.D. 

th08i8) 

IV.  Ant ic ipated Continuation of 'Work under NASA Grant 

The cont inuat ion of t h o s e  po r t ions  of the  work which it 

is a n t i c i p a t e d  w i l l  be supported under t h e  NASA gran t  are sum- 

marized in this sec t ion .  
. .  

A .  Damage Tes t ing  in Water F W  

0% Key to t h i s  design is a s p e c i a l  seal-holder arrangement, be- 
l i eved  pa ten tab le ,  between vamta3 and v i b r a t i n g  h o r n ,  
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' 0  1, Completion of tests to  100 hours durat ion on copger- 

nicke l ,  pure nickel ,  aluminum (three a l loys ) ,  and pler- 

igla8 consider ing d i f f e r e n t  velocities and c a v i t a t i o n  

condi t ions.  

2. Continued long-duration tes t ing of s t a i n l e s s  steel, 

carbon steel, and perhaps other specialized materials 

at3 loop t h e  becomes atrailable. 

3. Completion of mechanical property tests on a l l  tested 

naterials . 
4. Correlat ion of data in tenus of mean depths of penetra- 

t i o n  and its time de r iva t ive  (rate), wi th  various aechan- 

ical property groupings. 

5.  Completioa of prcnrcrure measurements around mpecimens 

in various degrees of cavitation and v e l o c i t i e s .  

6 .  If possible, explore effect of gae content and perhaps 

temperature on damage rates. 

7 .  If possible, explore  effects of d i f f e r e n t  test speci- 

men geometries and resultant flow pa t t e rns .  It is felt 

that  t h e  imposition of strong v o r t i c i t y  on t h e  other- 

rilre more or less translatory f l o w  in t he  ven tu r i  would 

closely m o d e l  the  most damaging type of flow encountered 

in turbomachinery, but  under cont ro l led  and known pree- 

sure and ve loc i ty  condi t ione.  

8 .  Attempt t o  develop models co r re l a t ing  damage with  f l u i d  

and material properties and degree of c a v i t a t i o n  and 

other flow parameters. 

B. Damage Test inn i n  Hasurrr sac  illts 
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1. Continuat Ion of long-durat ion tests i n  "Wet-cold*' 

mercury . 
2. Further explorat ion of effect of "dry-cold" vs. "wet-  

aoldw mercury. 

3. Further explorat ion of effect of **dry-hot" vu. "dry- 

w ldtv . 
Exploration of damage effects wi th  pin-type specimen 

as an accelerated c a v i t a t i o n  device and also a neces- 

4. 

saw component for fur ther  pte8tree8ed taste. 

5. Continuation of prestressed tests after 4. above. It 

I s  fe l t  tha t  items 2., 3., and 5 .  m y  lead t o  methods 

of p a r t i a l l y  i n h i b i t i n g  c a v i t a t i o n  damage in a given 

flow pa t t e rn .  

A 8  Ptems 3. through 8 .  of Section - A above. 6. 
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V. Project Publ icat ions 

03424-8-T, "Detailed Invest igat ion of Cavitat ion P i t t i n g  Char- 
acterfotics from Cavitat ing Venturi Tests'', ORA Technical Re=  
port 1Qo. 03424-8-T, Laboratory for Fluid Flow and Heat Trans- 
fer Phenomena, Uaiv. of H i c h . ,  F. 0.  H a m n i t t  and L. L. Barinlra 
(April , 1963) 
03424-9-T, "Cavitation Damage in Mercury and Water i n  a Cavita- 

t ing Venturi and Othe r  Components", F. G. H a m m i t t ,  L. L. Barinka, 
V. A ,  B i s s ,  R. D. Ivany, R. D. Pehlke, Y. J. Robinson, and 
C. A, Sieber t ,  ORA Technical R e p o r t  Ho. 03425-9-T, Laboratory 
for Fluid Flow and Heat Transfer Phenomena, Oniv. of Ylch. 
(Sept , 1983). 

03424-10-T, Vav i t a t ion  Damage in Mercury by Radio-tracer A n a l y -  
airw, W. SIith, 3. Y. Nieto, and F. 0. H a m m i t t ,  ORA Technical 
R e p o r t  100 . 03424-1oLT, Laboratory for Fluid Flow and Beat Trans- 
fer Phenomena, Univ. of Michigan, (Oct., 1963). 

03434-11-T, "Determination of Cavi ta t ion Conditions from Density 
'Prof i les  of Yercury i n  a Venturi**, I. B. Laudrlorn, F. G. H a m m i t t ,  
R. D. Ivury, and M. J. Robineon, ORA Technical R e p o r t  No. 03434- 
11-T, Laboratory for Fluid Flow and Beat Transfer Phenomena, 
Unlv. of Mi&. (Oct., 1983). 

03424-12-T, V a v i t a t  ion Damage and Performance Research Fac i l i -  
ties", F. G. H a m m i t t ,  ORA Technical Report No. 03424-12-T, 
Laboratory for Fluid Flow and Heat Transfer  Phenomena, Univ. 
of Pich. , (Nov. 1963) . 

03424-13-T, "Cavitation Damage Performance of Stressed Specimens", 
L. L. Barinka, F. G, H a m m i t t ,  M. J. Robinson, R. D. Pehlkc, and 
6. A.  Siebert ,  ORA Technical Report No. 03424-13-T, Laboratory 
for Fluid Flow and Reat Transfer Phenomena, Univ. of Yicrhigan, 
(Nov., 1963) 

0342449-1, " A ~ 1 p . i .  of Hardness Indenter P i t  Prof i lesn ,  F. 0. 
H a m i t t ,  L. L. Ilrrinka, R. J. HCgugh, and Y. J. Robineon, ORA 
Internal bport Ilo. 03435-19-1, Laboratory f o r  Fluid Flow and 
Heat Transfer phenolena, Univ. of Michigan, (April,  1963). 

03434-*I, "On Traxmient Loading Effects in ,  Cavi ta t ion Pi t t ing",  
F. 0. E a n i t t ,  L. L. Barinka, R. J. HcBugh, and Y. J. Robinson, 
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